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Our new simple method for calculating accurate Franck—Condon factors including nondiégonal

mode-modg anharmonic coupling is used to simulate tthQ?( 2B3u<—C2H4X lAg band in the
photoelectron spectrum. An improved vibrational basis set truncation algorithm, which permits very
efficient computations, is employed. Because the torsional mode is highly anharmonic it is separated
from the other modes and treated exactly. All other modes are treated through the second-order
perturbation theory. The perturbation-theory corrections are significant and lead to a good agreement
with experiment, although the separability assumption for torsion causesher€sults to be not

as good as those for,8,. A variational formulation to overcome this circumstance, and deal with
large anharmonicities in general, is suggested20®5 American Institute of Physics

[DOI: 10.1063/1.1896362

I. INTRODUCTION was recently derived by Kikuchét al” The most popular

The role ofab initio calculations in the assignment of alternative to the generating function approach utilizes the
ecursion relations of Doctorovet al® Segev and

experimental high-resolution vibronic spectra has been dra o-worker@1% have developed another interesting alternative
ing increased attention. Within the Born—Oppenheimer ap; W v velop ! ng v

proximation, the leading term of the expansion that governérom a completely different point of view that relies on the

the spectral intensity is given by the square of the vibrationaFonsmler""tIon of the transitions in phase space.

overlap integral(|(¢ | ©)[2), also known as the Franck- Inc!udmg V|prat|onal aqharmommty always implies a
5 g " Ve L . strong increase in computational cost and, for most methods,
Condon factor? (FCP), between the initiayd )and final

. S ] ) the formulation becomes much more complex as well. That
states(wve). When the initial vibrational state is totally sym- explains why the papers mentioned above did not consider

metric, only a totally symmetric vibrational final statefer-  yiprational anharmonicity. On the contrary, there have been
ring to the largest common point subgrowpll have a non-  geveral attempts to take anharmonicity into account, at least
zero FCF. There are, of course, smaller contributions to th@ar“a”y The procedures of lachello and CO_Wor&é}gare
intensity due to higher-order terms in the expansion, govhased on a novel Lie algebraic scheme that employs Morse
erned by Herzberg-Teller factotsput we will focus on  oscillators. Moket al’® use anharmonic vibrational wave
FCFs in this paper. functions expressed as a linear combination of harmonic-
Since the equilibrium geometry and potential-energy surpscillator functions together with the complete Watson
face(PES of the initial and final electronic states are differ- Hamiltonian. This method, seemingly limited in practice to
ent the -6 (or 3N-5 for linear moleculesdimensional FCF  small molecules, has recently been employed by Mok and
overlap integrals cannot be factored into a simple product ofo-workers to calculate FCFs for absorption spectra of sev-
one-dimensional normal-mode integrals. A wide variety oferal triatomic molecule¥'™’ Very recently Hazraet al'®
methods, based on the harmonic approximation for the PEBresented the so-called vertical Franck—Condon approach, in
of both the initial and final states, has been presented to solvghich the final state PES is expanded around the equilibrium
this problem. One such method is the generating functiomeometry of the initial state. They assume separability of the
approach of Sharp and Rosenst8akhich has been further normal modes and, if the curvature in the final state is nega-
developed by Chehand later improved by Erviet al® A tive, they incorporate the full one-dimensiondD) poten-
simpler form of the Sharp and Rosenstock’s general formulaial. In applying this method to simulate the ultraviolet spec-
trum of ethylene, for example, a full 1D potential was used

JAuthor to whom correspondence should be addressed. Electronic maif.or _to_rsion along with a pur_e harmonic potential for the re-
josepm.luis@udg.es maining N-7 modes. In this paper we also use a full 1D
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potential for the torsion mode of ethylene, but separability isA. General simultaneous equations for
not assumed for the remainindN& modes. To our knowl- Franck-Condon factors
edge there are no other calculations for a molecule with more starting point is the Schrédinger equation for

than three atoms that have included nondiagonal anharmonjg,ciear motion in the ground and excited electronic states.

coupling. Assuming a nonrotating molecule, and taking advantage of

Recently we presented a simple new procedure Qne Hermitian property of the vibrational Hamiltonian, one
evaluate FCFs which, among other things, can account fog, readily obtail®

nondiagonal anharmonic coupliﬁ%ln the present study we
apply our method to the 2(E|4+;( 2B3u<—C2H4;( 1Ag band in

the photoelectron spectrum including Duschir?gkxotations
and anharmonic effects in calculating the Franck—Condon R
factors. Both the hydrogenic and the fully deuterated speciel Eq. (1) H, |¢Sg>, andEgg are the vibrational Hamiltonian,

are examined. In this application an important consideratioyaye function, and energy of the ground electronic suaﬁe;
Is the geometry of the radical cation. Whereas the experiy,¢ ) andES_are their counterparts for the electronic excited

mental ground state of neutral ethylene is plazr]lathe state; ands, , is a Franck—Condon overlap integral,
ground state of the radical cation has a twisidequilib- €9

rium geometry, as deduced from the vacuum ultraviolet spec-
trum observed by Merer and Schoonvél&ubsequent pho- S = Sogne = W) =y 7)) (2)
toelectron spectroscopy, which permits direct investigation
of the cation, showed an extended progression in the torSince the vibrational eigenfunctions for the excited elec-
sional mode, thereby providing further evidence for thetronic state form a complete sépy below the left-hand
twisted geometr{>?* Pollard et al”® analyzed this progres- side (lhs) of Eq. (1) can be expressed as
sion to obtain an equilibrium dihedral angle of 27° +2° ?Snd a
torsion barrier of 270+ 150 cth. Recently, Willitschet al 9 (09— el e = g e/ e 09 _ el e
recorded pulsed-field-ionization zero-kinetic-ener¢yFI- w”g'H : |¢”e> %(%QW,LQWMJH H W”e)
ZEKE) photoelectron spectra of ,8," and GD," with a .
resolution that is two to three orders of magnitude greater =2 Syl ¥ JHE = Hy 3. 3)
than classical photoelectron spectra. These new accurate data He
give a torsional barrier of 357+26292+24 cm™! along ) o
with a dihedral angle of 29.2°+0.5{27.8°+0.59 for Then, using the fact tAhat theAtotaI nuclear kinetic-energy op-
C,H," (C,D,"). The ground and first excited torsional stateserator is the same fd% andH® one can combine Eq¢l)
were found to lie below the barrier at the planar geometryand(3) to obtain a set of homogeneous linear simultaneous
They constitute a tunneling pair with a splitting of equations for a giveny,
83.7(37.1) cmtfor C,H," (C,D,"). Given the low torsional
barrier the molecular symmetry of the ethylene cation ma e \/9 -\ 8\ + (E® — E9 =
be regarded as effectively,, rather tharD.,.?® This effective % S VIV + (Br mBN)0up ] =0 Dve,
symmetry is consistent with the fact that even peaks of the (4)
progression in the torsional mode are far more intense than
the odd peaks.

The purpose of this study is to simulate the

(W9 9= Hely s )= (E] ~E5)S,,,. (1)

in which g, ,_is the Kronecker delta. In practice this infinite
o ~1 set of equations must be truncated. A systematic and efficient
CoH, X "By, CoH4X "Aq spectrum and, by the same token, jierative algorithm for selecting thel equations that survive

demonstrate the feasibility of our recently publishedine tryncation is given in Sec. Il D. After dividing each term
proceduré’ for evaluating FCFs of a polyatomic molecule in Eq. (4) by S, , (A is arbitrary as long as, , #0) we
with anharmonicity and Duschinsky rotations fully taken into ge € ge

account. In Sec. Il a summary of our general formulation for
calculating FCFs is presented. Then, in Sec. Il we give spe-
cific computational details regarding simulation of the He | S rf§[<‘/’ie|vg_ve| wi) + (Evee_ 539)5 1=

photoelectrorn(PE) spectrum of GH, and GD,. This is fol- o Hebel
lowed by a discussion of our results and, finally, some con- (5)
cluding remarks and future plans. v ={us, DOue
where
Il. THEORY
Recently several of us presented a new analytical proce- rlf: = Svgue/ S’g)‘e’ (6)

dure for calculating Franck—Condon factors of polyatomic

molecules taking into account both the Duschinsky rotationsind the index is suppressed in the symbol for this ratio.
and anharmonicity? In this section we summarize the most Because the simultaneous equations are homogeneous there
important relations of our new methodology. is a redundancy and it is convenient to obtain a solution by
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means of singular value decomposition. Once the ratios haviirst and second order, respectivéfythen the first-order per-
been determined, the Franck—Condon overlap integrals camrbation equation is
be obtained from the normalization condition,

rle 2 SO LIV - VEIgE ) + (ES - ED)3,,,1°
Sigre™ T —— M) e
\/ E (rf9? + 2 S0 LW Vo= VRlgE ) + (ES - ED) 8, )" =
e Me
Finally, the Franck—Condon factors are just the square of the (13

corresponding Franck—Condon integrals, iFev-due:SE e
¢ in which
B. Duschinsky rotations

The normal coordinates of the electronic excited and (¥ [VO= Ve )™ = (Y5 |(V9 = Vo) Oy ?)
ground state$Q® andQY) are different. They are related by A A
the equatiort? + (R (Vo = VO]

Q7=JQ°+K, ®) ROV OlED), (14

wherelJ is the Duschinsky rotation matrix ard is a vector
associated with the change in equilibrium geometry between
the two electronic stated.andK, in turn, may be written in

i i == 2 (15)
terms of the unitary matrices that transform the mass- e ge0) _ g0 '
weighted Cartesian displacement coordinates to normal He? Ve “

coordinate® (i.e., Q9=L9'X9 and Qe=L ©'X®),

M (1//e(0)|Ve(l>| 6(0)| 8(0)>

and
J=L9LcandK =L9'R. (9)
In Eq. (9) R is the vector obtained by subtracting the ground- 9 §ey 1 3NEG ( Ve )
state equilibrium geometry from that of the excited state, 6i et \ IQPIQPIQY/ oo
both being expressed in terms of mass-weighted Cartesian N6
coordinates. By taking advantAageA of ), one can write S 3,08+ 3K
the potential-energy difference9-Ve, that appears in Eq. KiKKiet 3KiK; = «Q !

(5), solely as a function of the excited electronic state normal

3N-6
coordinates. In the harmonic approximation,
PP X 3 3 daQFQE,
L 13V 2o I,m=1
g _\/e= - = v
V Ve_VgQg:O Vge=0+ 5 z 2092 oo 3N-6
+ > Ji JjmInQFQHQR
3N-6 3N-6 I,mn=1
X [KIZ +2K X JiQT+ X \]ijJikQTQE] 3N-6
j=1 k=1 1 FVe enene
Tz e QQQ (16
3N 6 &zve 6i,j,k:l (9Q| aQ]an Qe=0
- 2 [ H(Qe)z} (o (10
Q*=0 while the first-order corrections 1Ee and Eg vanish®® The
column vectorS( ) can be divided |nto a component orthogo-
C. Anharmonicity nal to S(O) (ie., S (1)) plus a parallel componerttie., S ’(l)
The effect of anharmonicity can be accounted for by
perturbation theory. We write the zeroth-order, i.e., harmonic, sy =g/{V + 'V =5/M + 159, (17)

equation as
M ©) Evidently, the first term on the lhs of E¢13) vanishes re-
> Siz) [(lﬁ B D H(E - )5# ve] =0, gardless of the constaiiitin Eq. (17) [cf. Eq. (11)]. Hence,
a we are free to choose=0 so thaISf;) satisfies the first-order
(11 normalization condition,
where

1)'c0 _ «r()T(0) _
(y° |\"/g _ \”/e| e >(0) - <¢e(0)|(\”/g - (/6)(0)|l/,e(0)> (12) Svg Svg - Svg Svg =0. (18
Mg V¢ Me Vg 7?7

and(V8-V®)© is given by the right-hand side of EGLO). If S(l iS most simply obtained by transforming E@.3) to a

the cubic and quartic terms M9 and V¢ are defined to be baS|s spanned b and an arbitrary set ofl—1 vectors
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perpendicular tcsfg). This leads to a set df1—1 inhomoge- remain the same as in the previous iteration. If the highest
neous linear equations which are easily solved. Finally, théluantum number is the same as in the two previous itera-

first-order corrections to the FCFs are tions, then convergence has been attained for that particular
D — o0 D) mode. In that event this maximum quantum number is re-
Fug,ue_ gite Vghte" (19 guced by two units until a non-negligible FCF is found. The

A similar procedure may be followed for the second-orderreSUI.tlng maximum guantum number is marked and kept fro-
corrections® zen in subsequent iterations. On the contrary, the noncon-

verged maximum quantum numbers are increased by one
_ o _ unit in preparation for the next iteration. Because of their
D. Truncation of the vibrational basis set symmetry some modes only lead to non-negligible FCF

Perhaps the most critical step in our new procedure is th¥/hen the value of their associated quantum number is odd or
truncation of the vibrational basis set for the excited elec€V€N: That is why in order to consider a progression con-
tronic state. This basis set must contain all functions nece&/€rged at least the two highest values of their correspondent

sary to obtain accurate FCFs, but must also be small enoud#'@ntum value must be associated with negligible FCF. An
for the calculations to be efficient. The algorithm we use®X@ctly analogous procedure is applied to the minimum

involves an iterative buildup of the basis set by increasinglU@ntum numbers except that, again, the minimum value

the range of vibrational quantum numbers while, simulta-C2NNOt be reduced below zero. -
Prior to pruning, the basis set for the next iteration con-

neously, removing unnecessary functions. In the current

work we have improved our previous truncation proceduretains all vibrational wave functions within the range of the

so that rapid calculations including anharmonicity are posCUrrént maximum and minimum quantum numbers. Then we

sible for a molecule such as ethylene which contains 1flelete wave functions that were either previously marked for
coupled normal modes. exclusion or characterized by quantum numbers that deviate

The first step is to choose an initial reference vibrationafom those of the reference state by more than the threshold

state. One convenient option is to select the state determine@ue described above. When the maximum/minimum quan-
by the Franck-Condon principle. In fact, it is not necessanfum numbers have converged for all modes, this threshold
to be very particular about this choice. Even the ground vivalue is increased by one unit if there is a FCF, for any state
brational state is satisfactory except for spectra where tht t?e boundary, that is larger than a preset vahgmally
most intense peaks correspond to large vibrational quanturhQ - Finally, the entire calculation is converged when the
numbers. The selected reference state gives a starting vectdfW Pasis set is the same as the one used in the previous
of vibrational quantum numbers for all modes. A set of maxi-Iteration. _ _ _

mum quantum numbers for the initial iteration is obtained by  Qur procedure for excluding wave functions drastically
adding unity to the starting values. Likewise a set of mini-'educes the growth of the basis set, thereby leading to a
mum quantum numbers is prepared by subtracting unity wittnJor improvement in efficiency. However, it may still hap-
the proviso that negative quantum numbers cannot occuP€n _that the new bas_ls at some iteration is larger than the
The initial trial basis set consists of all vibrational wave Maximum desirable size. If that occurs, then the new states

functions with quantum numbers in the range determined b{re SPIit into subsets that are added one at a time without any
the maximum and minimum values just described. There igther baS|s.set augmentaugqs. Ordinarily, subsequent microi-
one additional requirement that is enforced at the beginninéerat'ons will remove a sufficient number of states so that all
of every iteration. It is based on the difference between th&1€Cessary ones can be accommodated. _
quantum numbers that characterize the vibrational state in ©Ur @lgorithm has been tested in three different ways:
question and those of the reference state. We compute tHB€ FCQF threshold for excluding states was varied front 10
absolute value of the quantum number difference for eactP 10 (i) the FCF threshold for increasing the range of
mode and, then, sum over all modes. If that sum is largeflt@ntum numbers, when the maximum/minimum \galues
than a threshold value, the state is excluded from the basfive converged for all modes, was varied from*i10 10°°;

set. The threshold value, in turn, is taken to be the largetnd (iii) the maximum/minimum quantum number in each
difference between the maximum and minimum quantunfYCle was incremented by two and by four rather than by
numbers for any one mode which, in the first iteration, isO"€- Although some of the calculations were far more time

either 1 or 2. consuming than our normal procedure, the differences in the
Given a trial basis, the associated set of FCFs is dete@lculated FCFs were always negligiblec0.1%). These

mined by solving the resulting linear simultaneous equation£®Sts Were run using several different anharmonic PESs for
to the desired order of perturbation thedms.g., Egs.(11) ClO,.

plus (13) for the FCFs through first ordkrAll FCFs smaller

than a certain threshol@ve normally use 10) are set equal ;. COMPUTATIONAL DETAILS

to zero and the corresponding vibrational states are marked

for exclusion in further basis set augmentations. Neverthe- ~As an example of the application of our methodology to
less, the vibrational quantum numbers that characterize thege polyatomic molecule we have computed FCFs for the
states are retained for augmenting the trial basis. For eadB,H,"X 2B3,u<—CZH4X lAg ionization band in the Hel PE
mode the highest quantum number associated with a norspectrum and the ionization band of the fully deuterated spe-
negligible FCF(i.e., larger than 10) will either increase or cies as well. Theab initio electronic structure calculations
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TABLE I. Equilibrium geometrical parameters for neutral and cationic ethylene. All quantities are in angstroms
and degrees.

CHX A, CH X 2By,
Doy Doy D,
B3LYP/ UB3LYP/ UB3LYP/
6-311Qd) Expt? 6-311Qd) 6-311Qd) Expt.

r(C=0C) 1.3271 1.3391 1.4181 1.3952 1.405
r(C—H) 1.0878 1.0868 1.0871 1.0902 1.691
£(C=C—H) 121.85 121.28 120.84 121.20 1218
f(H-C=C—-H) 0.00 0.00 0.00 26.92 B729.2

“Experimental values from Callomagt al. (see Ref. 2L

PDerived from a fit to experimental PE spectrum of ethylene by Koppell. (see Ref. 38

“Derived from a fit to experimental PE spectrum of ethylene by Pokdral. (see Ref. 2B

dDerived from a fit to experimental PFI-ZEKE PE spectrum of ethylene by Willitcal. (see Ref. 2b

were performed at théU)B3LYP/6-311Gd)*®*level. For  between this geometry and that obtained from the highest-
neutral molecules we used the restricted formalism, while théevel ab initio calculations is reasonably good.

cationic open shell systems were treated by the unrestricted

method which has been shown by Rijkenberg and Blinma V. RESULTS

give the correct equilibrium torsion angle of 27°. In keeping Ethylene has a plandd,y, equilibrium geometry and the

e e ey of e roun sae 4, lonizaion o n b,
7r orbital, which is the highest occupied molecular orbital

were evaluated at th®,,-optimized geometry. Cubic and HOMO). lead hex 2B £ th ion. Th .
quartic vibrational force constants were determined by nu—( ) leads to t 3, State of the cation. The equi-

merical differentiation of quadratic force constants obtained'b”u_m geomet_ry of this catlon_|c state hg symmetry but, .
from the GAUSSIANSS Suite of programé? Vibrational dis- 25 discussed in the Introduction, the effective symmetry is

placements of +0.04 and +0.08 a.u. were employed for hi@zn AD initio Hartree-Fock calculations yield a plariag,

Structure for the catioft Thus, it is necessary to include
purpose and the Romberg metfddas used to reduce nu- . 2137 : .
merical error electron correlatioi*” as we do here, in order to obtain a

... torsional barrier. Table | contains optimizét)B3LYP/6-

311Qd) equilibrium geometry parameters f@,;, neutral
impossible to estimate intensities for the torsional vibration ad) eq g y P 2n

. , -~ ethylene, and for thé,, and D, cations, as well as the
progre35215|on based on a zeroth-order harmonlc'OSC'll""toéorrezsponding experimental values. Overall deinitio and
model:

The FCFs for this progression were, therefore’experimental values are quite similar; both show the ex-

treated in a special fashion assuming separability of the torpected increase of the C—C bond length, as well as the loss of

sional mode. Thus, the one-dimensional potential—energ_\manarity, when ther-bonding electron of ethylene is re-
function, for both the neutral and the cation, was obtained by,,;ed.In Table Il we presemb initio harmonic frequencies

ab initio calculation at 30 points in the interval from 0° 10 for the theoretical equilibrium geometries given in Table |
60° in the torsion angle. Then, using the progre@NEL 7.4 4i0ng with some experimental values. Tateinitio harmonic
(Ref. 39 vibrational energies and FCFs were obtained bygequencies are in satisfactory agreement with the available
numerical integration. experimental fundamental frequencies. Except for the tor-

The theoretical He | PE spectrum was simulated usingsional mode, the difference between the theorefitzland

20 meV. Relative peak intensities and positions were detefith the separability argument.
mined from the theoretical FCFs and vibronic energies. The  The large calculated change in the torsional equilibrium

pOSitiOﬂ of the first peak was shifted, and the intenSityang|e and frequency between tbg, andD, optimized cat-
scaled, so as to agree with the experimental peak that occuign geometries exemplifies the strong anharmonicity of this
at the adiabatic ionization energfAIE) of 10.5122 eV motion which cannot be treated using the harmonic-oscillator
(10.5272 eV for C,H, (C,D,), as measured by Holland model®* On the other hand, the torsional mode is approxi-
et al?* In our calculations we used the experimental geommately separable from all other normal modes. In fact, the
etry for the neutral molecule and the geometry obtained frongeparability is exact at the harmonic level since torsion is the
an iterative Franck—Condon analysigFCA) for the cation. only motion that has, symmetry undeD,,,. Taking anhar-
The IFCA procedure involves optimizing the geometrical pa-monicity into account one expects that the curvilinear angu-
rameters to obtain the best match between the simulated amak coordinate will provide a better description of torsion
experimental spectrum. Chau and co-workérs have than the corresponding linear normal coordin&t&hus, we
shown that the IFCA geometry of the excited state is the besissume that the torsional motion is separable when expressed
to use for comparison purposes and that the agreemeirt terms of the torsional angle. In order to obtain vibronic
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TABLE II. Theoretical and experimental vibrational frequendiesi?) of neutral and cationic ethylene.

CoHX 1A, C,HIX?B,,
Symmetry Do, Do, D,
B3LYP/ UB3LP/ UB3LYP/
Label Dy, D, 6-311Qd)*  Expt®  6-311Gd)*  6-311Qd)? Expt.

o, ag a 3137.5 3022 3143.2 3103.0
s ay a 1699.9 1625 1563.4 1517.9 151m87.7
ws ay a 1384.9 1344 1272.3 1274.3 1261258.7
w, a, a 1066.9 1026 453i2 5717 83.7
s [ by 3122.0 2989 3139.5 3105.8
wg [ by 1481.4 1444 1478.6 14415
w; bag b, 955.9 940 1116.1 1075.1
wg by, b, 3221.3 3105 3264.9 3221.2
g [ b, 840.4 826 851.0 804.5
w10 bag by 31926 3086 3248.7 3201.8
w1 bag by 1248.5 1222 1244.1 1215.2
w12 ba, by 967.1 949 978.6 900.5 90£.3

@Ab initio harmonic frequencies.

PFundamental frequencies from Sension and Hudseer Ref. 40

‘Harmonic frequencies from Pollaet al. (see Ref. 28

9Fundamental frequencies from Willitset al. (see Ref. 2h

“Because of the double minimum potential the theoretical harmonic frequency is not expected to be close to the
experimental fundamental frequency.

energies and FCFs for this motion, the XD)B3LYP/6- somewhat lower than the values of 357+26 and 292+24
311Gd) potential was computed for both the neutral andgiven by Willitschet al® for C,H,"and GD,*, respectively.
cationic molecules as described in Sec. Ill. Although the difference between thelt,” and GD," bar-
Figure 1 depicts thab initio torsion potential obtained riers obtained by Willitsctet al. is not large, it is indicative
for the cation showing two minima separated by a barrier obf anharmonic coupling between torsion and other modes.
277 cm?, which is well within the error range of the experi- Our calculated (U)B3LYP/6-311Gd) equilibrium torsion
mental value given by Pollaret al. (270+150 cmt), > and angle of GH," reproduces the experimental val(ie 28°)

o]\ /

1500

-
o
o
o

Energy (cm")

500

-500
Torsional angle (degrees)

FIG. 1. (U)B3LYP/6-311Gd) torsional potential for §H4*5( 2BBU.
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TABLE Ill. Comparison of calculatedU)B3LYP/6-311Gd) vibrational excitation energies and relative inten-

sities with experiment for even quantum number peaks in the torsion progression f&zﬁghi lAg band
of the GH, and GD, PE spectra.

CoHy C:D4
vo (cm™) Relative intensities v (cmd) Relative intensities
B3LYP/ B3LYP/ B3LYP/ B3LYP/
vs 6-311Qd)  Expt®  6-311Qd)  Expt’  6-311Gd)  Expt® 6-311Gd)  Expt?
0 0.0 0.0 100.0 100.0 0.0 0.0 66.8 65.9
2 470.6 438.2 74.9 89.1 285.5 275.4 100.0 100.0
4 1251.2 1162.1 13.4 ¢ 767.0 720.7 22.1 20.3

“Excitation energies relative to the vibronic ground state observed in the PFI-ZEKE spectra by Wllitsich

(Ref. 25.
Ppeak heights without correction for overlapping structures measured by Heltaald(see Ref. 2%
°Not observed because it is overlapped by another peak.

(Refs. 23 and 2bquite well. Relative intensities for the even here as can readily be seen from a comparison of Tables |
quantum number peaks in the torsional progression, obtaineshd IV.
from the FCFs determined by numerical integration using In Figs. 2 and 3 we contrast the harmoifibg. 2) and
LEVEL 7.4, are given in Table IIl along with the vibronic PT1(Fig. 3) simulated first band of the 481, He | PE spec-
energies. The errors compared to experiment are fairly smattum with the PT2 simulation; while in Table V we give
considering that we have ignored anharmonic coupling withtheoretical frequencies and FCFs for the individual peaks
the remaining modes and have done no empirical fittingevaluated at the PT2 level. Except for the 1D torsional pro-
which is often the case in other treatmelitg”**?Note that  gression, all FCFs were calculated with our new procedure.
our calculation successfully reproduces the fact that deuterd-he efficiency of our algorithm is such that the PT2 simula-
tion causes a shift in the most intense peak froaD to v tion can be run on a personal laptop computer in less than an
=2. In the concluding section we will discuss future plans tohour. Figure 2 shows that the main effect of anharmonicity,
incorporate the anharmonic coupling between torsion anas far as FCFs are concerned, is to reduce the relative inten-
other modes. sity of the low-frequency peaks while incrementing the rela-
The FCFs are very sensitive to the geometry of the neutive intensity of the high-frequency peaks. Anharmonicity
tral and cation. Like Chau and co-work&fs’we have used also decreases the frequency of all the peaks, with the reduc-
the experimental geometry of neutral ethyl@nmgether tion being larger on the high-frequency side of the spectrum.
with the IFCA (Ref. 5 geometry of the cation in simulating The reader may view the pedi;v.vsv,)=(0120 as a good
spectra for the otherM3-7 normal modes. Besides the torsion example showing the effect of anharmonicity on the FCFs
mode (w,), only the a; symmetry C=C stretch(w,) and  and frequencies. Although the PT1 frequencies are unaltered
CH, scissors bendw;) modes are involved in the progres- from the harmonic ones, as mentioned previously, one can
sions observed in the experimental PE spectra of Pollardee from the comparison with PT2 in Fig. 3 that the effect of
et al® and Hollandet al?* Thus, in our simulations we anharmonicity on the FCFs is mostly incorporated at the PT1
optimized the G=C bond length and Cjangle of the(ef-  level. This result may be useful because the PT2 calculation
fective) Dy, cation using the IFCA method, and kept the for ethylene takes four times as much CPU time as the PT1
(U)B3LYP/6-311Gd) value of the C—H bond length. Table calculation. We note here that our previous results for IO
IV gives IFCA values of these geometric parameters for(Ref. 19 also showed a good performance of PT1 for the
C,H," and GD," obtained by computing FCFs at the har- FCFs.
monic, first-order perturbation-theorPT1), and second- In constructing the vibrational basis set all modes other
order perturbation-theor§PT2) levels. The IFCA results can than torsion were considered. However, only teC=C
be considered valid only if they are not very different from stretch and CHl scissors bend modes are associated with
the ab initio equilibrium parameter§™° This is the case non-negligible FCFs. For comparison purposes, then, we re-

TABLE IV. C=C bond lengths and €< C—H angles obtained fdD,, C,H,", and GD," using the IFCA
procedure with FCFs computed at the harmonic, PT1, and PT2 levels. All quantities are in angstroms and

degrees.
C,H," C.,D,"
Harmonic PT1 PT2 Harmonic PT1 PT2
r(C=0QC) 1.4093 1.4122 1.4135 1.4055 1.4080 1.4072
/(C=C-H) 119.90 119.83 119.70 120.74 120.68 120.75
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FIG. 2. (U)B3LYP/6-311Gd) simulation of the first band in the .8, He | PE spectrum. The solid and dashed lines represent the harmonic and PT2
anharmonic spectra, respectively.

[—PT1----- PT2]
0.50
0040 0030 0020 0010 0000
0.45 | ”
0.40 -
0.35 | 0042 0032 0022 0012 0002

o

w

o
——

Intensity (arbritary units)
o [=]
N N
o (4]

o

-

o
)

0130 0120 0110
0132 0122 0112

o

=

o
!

0.05 - 0222

1140 11.35 11.30 11.25 11.20 11.15 11.10 11.05 11.00 10.95 10.90 10.85 10.80 10.75 10.70 10.65 10.60 10.55 10.50 10.45 10.40
lonization Potential (eV)

FIG. 3. (U)B3LYP/6-311Gd) simulation of the first band in the 8, He | PE spectrum. The solid and dashed lines represent the PT1 and PT2 anharmonic
spectra, respectively.
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TABLE V. (U)B3LYP/6-311Gd) frequencies and FCFs for theX 2By, In Figs. 4 and 5 we separately compare our harmonic
«—X'A, band of the GH, PE spectrum computed at the PT2 level. The (Fig. 4) and PT2(Fig. 5 simulations with the experimental
FCFs are in arbitrary units. C,H, spectrum obtained by Hollaret al?* Since the experi-

mental intensities are in arbitrary units, we forced the inten-

Freq. FCF Freq.(eV FCF . ) )
vwaveve Freq.(eV) vwveve Freq.(eV) sity of the experimental0000 peak to equal the theoretical

0000 1051  4.5%10' 0032 11.04  1.0%1032 value. At this point we remind the reader that the simulation
0002 1057  3.3%10°" 0204 11.04  24x10°  of the torsional progression is purefb initio. It has not
0010 10.67 Z-OMU: 0210 11.04  10x% WZ been adjusted using the IFCA procedure and anharmonic
0004 1067 6.0810* 0122 1107 15610 coupling between torsion and other modes has been ne-
0100 1070 1.2%10% 0300 108 205107 lected. That is why the agreement between the theoretical
0012 1072 1.5&10! 0212 1110  8.1%10° 9 s Ny the agr
0102 1076 94102 0040 1113 2.2%10° and experimental intensities Is poorer for (IQB2U32) peak;
0014 1082 288102 0034 1113 19x10@ than for the others. There are five progressions labeled in the
0020 10.82 6.0%102 0302 11.14 1.5% 1073 experimental spectra. They are all associated either with the
0104 10.85  1.7&102 0130 11.16  4.7%1073 C=C stretch, CH scissors bend, or torsion mode. These
0110 10.86  6.1%102 0124 1117 2.7%10° same progressions can be clearly seen in our theoretical
0022 10.88 453107 0042 1119  1.6&10° simulations. Other progressions are present but they cannot
0200 1089 1.7 Wz 0220 11.20 3.9 WZ be observed separately because they are overlapped by the
8;(1)2 ig'g; ‘l"giigz giég E;g ;';‘; 153 most intense ones. For example, the progressfodg,

: ’ ) : : 5 (0014, (0024, and (0034 is overlapped by0010, (0020,
0030 1098  1.4X102 0310 1123 15610 :
0024 1098  81K10° 0222 1126 2.9%10° (0030, and (0040. Nonetheless., the latter contrlbut(_as 'from
0114 1101  83%10° 0312 1129 11x10°  22% to 46% of the total intensity for each peak. Similarly,
0120 11.01 2.08% 102 (0104), (0114}, and(0124) are overlapped bnglQ, (0120,

and (0130. Again the less important progression provides
more than a fifth of each peak intensity.

peated the simulation including only these two normal By comparing Figs. 4 and 5 we see that anharmonicity is
modes in the basis set. The difference between the two sim@ssential to reproduce experiment for nonfundamental exci-
lations is negligible. However, the difference in CPU time istations such a$0020, (0110, (0030, or (0120. The need
dramatic; the PT2 calculation using two modes requires leskr the IFCA procedure, and the remaining lack of agreement
than a second of personal laptop computer CPU time. Ifetween the PT2 and experimental spectra, is due to some
addition, the PES part of the calculation is faster by a factocombination of(i) anharmonicity contributions higher than

of 5. second order(i) intrinsic limitations of perturbation theory,
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FIG. 4. Experimental results obtained by Hollagtchl. (see Ref. 2)(solid line) and(U)B3LYP/6-311Gd) harmonic level simulatiofdashed lingfor the first
band in the GH, He | PE spectrum.
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FIG. 5. Experimental results by Hollared al. (see Ref. 24 (solid line) and (U)B3LYP/6-311Gd) PT2 level simulatior{dashed lingfor the first band in the
C,H, He | PE spectrum.
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FIG. 6. (U)B3LYP/6-311Gd) simulation of the first band in the 0, He | PE spectrum. The solid and dashed lines represent the harmonic level and PT2
anharmonic level treatments, respectively.
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TABLE VI. (U)B3LYP/6-311Gd) frequencies and FCFs for th&?B,,  gressions become more intense than thosesofThere are,
—X"A, band of the GD, PE spectrum computed at the PT2 level. The again, significant differences between the harmonic and PT2
FCFs are in arbitrary units. spectra with regard to intensity and frequency. Once more,
introduction of anharmonicity reduces the FCFs for low-
energy peaks and increases the intensity of the high-energy

vwgv,  Freq.(ev) FCF vwwgv,s  Freq.(eV) FCF

0000 1053  5.1%10' 0032 10.93  1.4810° peaks.
0002 1056 7.6 Ni 0120 1093 6.0% Wz In Fig. 7 we compare our theoretical PT2 spectra for
0004 1062 1.7610° - 0204 1095 1.9%10 C,D, with the experimental results obtained by Holland
0010 1065 895107 0122 1097 912107 et al** Again, all progressions labeled in the experimental
0012 10.68  1.3%10 0210 10.98  1.4&102 - Agan, prog ) ) > EXP
0100 1069  23%10% 0212 1101 216102 spectra are clearly observed in the simulations. However,
0102 10.73  35%10' 0300 11.02 1.2%10°2 there are important aspects revealed by theory that are not
0014 10.74 296102 0124 11.03 2.0k 103 evident from experiment. For example, in the progression
0020 10.77  1.04102 0302 11.06  1.8%1072 labeled(0v,12) the dominant contribution to the intensity of
0100 1079 7.8%107% 0214 11.07  46%10° (0012 actually arises from the overlappi@100 peak. Fur-
2 3 .

g‘iis 18-22 i-?i ﬂz 8;2)2 111(2) i-gz 1; thermore, progressions such d8v,14), (0v,20), and

' : ' ‘ 0v,22) do not explicitly appear in the experimental spec-
0112 10.85  7.1&102 0222 11.14  2.5K10° (0u222) plicitly app b SP
0200 10.86  6.0%102 0310 1114 265107 trum because they are overlapped rather than weak in inten-
0024 1086  34%10° 0312 1118 39x10°  Sity. Asin the case of gH,, there is essentially no difference
0202 10.89 9.0k102 0400 11.19 1.7% 1073 between the spectra predicted using only ﬂ%eC:C
0114 1091  1.5%102 0402 11.22 26103 stretch and CH scissors bend modes in the basis set rather

than all(except for torsion3N-7 modes. From Figs. 6 and 7
it is also evident, as for §,, that the PT2 spectrum repre-

and (iii ) nonseparability of the torsional mode. In the Sec. VSents a definite improvement over the harmonic level treat-
we will discuss future plans to remove these deficiencies. ment. The peak0200 well illustrates this point with regard
In Fig. 6 we present the harmonic and PT2 simulationg0 both the intensity and frequency.

of the first band in the ¢§D, He | PE spectrum. The PT2 In comparing GH, with C;Dy, it is important to note
frequencies and FCFs are given in Table VI. Deuteration othat our best results are noticeably poorer for the deuterated
ethylene leads to a major change in the shape of the spespecies because of the more prominent role of the torsional
trum. In the case of §D, the absolute intensity of the tor- progressions in the latter case. One clear example is given by
sional progressions increases and, in addition, dhgro-  the comparison of intensity ratios betwe€&002 /(0000

experimental ------. PT2 |
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FIG. 7. Experimental results obtained by Hollagidal. (see Ref. 2§(solid line) and (U)B3LYP/6-311Gd) simulation at the PT2 levdbashed lingfor the
first band in the gD, He | PE spectrum.
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